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Abstract. Synthetic-aperture radar (SAR) interfao
grams produced from BESA’s 11 :S-1 satellite, provide
the first synoptic view of ice flow dynamies of the west-
ern sector of the Greenland lee Sheet. Glacial motion
is detected inthe radar ranging direction at milli et ric
Scales, across a complete sequen ce of snow accumula -
tion and melting regimes, despite significant varviations
in their radar scattering p roperties. 1 ce flow cvolves
from a slow, regular motion at the higher clevations.
At Jower clevations, motion is strongly convoluted by
Illcler-scale undulationsinsurfacetopography, which
have a unique interferometric signature that enables a
novel approach for retrieving flow direction. Inferred
flow directions, combined with surface displacements in
the radar ranging direction, yicld ice velocity estimates
that arc within 6 % of in-situmeasurcr nenis gathered
along a 40 ki survey hne. Application of repeat-pass
SAR interferometry to the entire Greenland Tee Sheet
should enable precise mapping of its ice flow dynamics
at an wnprecedented level of spatial detail.

Introduction

Fartl’s great ice sheets are changing [Be ntlc y, 1993;
Vau (L1(7" Vec 11, 19911, and these chianges can be rela-
tively rapid. The western extent of the Greenland Ice
Shicet has icasiarably variedon generational time scales
[ Weidick, 1991] possibly associated with varying rates of
surlace meltalong its western flank [Braithwaite, 1 993].
The terior of Greenland is also changing. Variability
in precipitat ion and accumulation patterns [Bromwich
et al, 1993; Sieflen of al., 1993] may be causing a re-
gional icc sheet thickening, ata rate of 2-1o cm per
year based 011 surface observations [ Van der Veen, 1993,
Kostecka and Whillans, 1 988; Rech and Gundcstrup,
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1985],0r as much as 10-20" cmper year basedon anal -
ysis of satellite data[Zwally etal., 1989].

Chianges 1nice sheet dynamnies are manifest through
chan ges in ice sheet shape and motion. Satellite radar
interferometry is one technique thiat shows promise for
mecasuring very small variations in both parameters [Ze-
bker el (J1., 1994; Goldsic i el al., 1993]. Here, we re-
port. 011 the first SAR interferonictry results obtained
over thie western flank of the Greenland lee Sheet. In-
terferograms arc p resented along a swath that extends
from the Jacobshavn Giacier through the ablation and
soaked snow faci ¢s, Lo the percolation facics, and t o
the dry snow facies [Bonson, 1062] (Fig. 1). The whit ¢,
snow-covered surface is nearly featureless in opticaland
SAR-intensity imagery, but highly detailed information
011 ice motion is revealed inthe SAR interferograrns,

Observations

To obtain an ERS-1 SAR interferogram, two images
acquired a few days apart along the same orbit of the
spacccrafl, are registered with sub-pixel accuracy, and
the phase val ues of the radar signals are diflerenced,
(-011 (1( ' 1)s(’ (1 andaveragedtogether. 'Fhe measured phase
shilts, &¢, are conditioned by the radar wavelength A
(5.6 cm), the bascline separation, 13, between the two
shghtly different positions of ERS-1w hen the radar data
for the two Iimages were obtained, the surface topogy -
phy, I, and the surface motion yeetor, vV, as

bo - fl—/\z [11 cos(a-10(11))+4 6V v 1. (@)
0 is the bascline atigle with respect 1o horizont alj v is
the unitrange vector from the radar antenma to a poiut
on the ground, &/ is the time scparation in between
the two passes (3 days), and (1) is the topograph -
dependent angle of » with respectl to horizontal. We
estimated I3 from 1ISA’s precision orbits. Because 13
w as short (26 1) and the ice sheet is gently undulat-
ing at that location, the phiase shift introduced by sur-
face topography was only of the order of a fractionof a
fringe (27 variationiné¢) across the NRS-1SAR swath.
T'his phase shift. was calculated and removed from é¢
by registering the datato a digital clevation model of
Greenland produced from radar altimetry data, at 2 km
sample spacing, with 10-20 mvertical accuracy [Fkholm
el (/1. 1994). 1he phase values were then unwrapped
[Goldstein cl al., 1988], referenced 10a point of known
surface velocily, and converted into absolute surface dis-
placements. A second reference surface velocity was
used to correet for simall along-track variations inlis (<
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2 11y, as such chianges aflect the fringes in a manner
similarto a velocity gradient. Even with these twore -
crences, the interferogram is controlled by at Jeast four
processes: 1) flow speed, 2) flow divection; 3) surface
slope; and 4) the radar scattering propertics of the firn.

In the p ercolation facies, anetwork or waveleng th -
sized, buried (50 cm of dry spow in Nover n ber), ice
bodies, formed as a consequence of sunmer melt, pro-
vides the dominant source of scattering [Rignot ¢t al.,
1993; Jezek el al, 1 994]. Their vadar echoes are one
order of magnitude brighter than that recorded for the
firnvolumic or the snowy surface. 111 the soaked snow
facics, more vigorotis summer melt leaves a superi n-
posed icc zone which is too homogencous to yicld strong
backscatter. 1 n the dry snow facies, volur ne scatter-
ing from the firn dominates, but also yields weakradar
cchoes. 1 lence, a cross the different snow and accun -
Tation regimes, the intensity timages and the fringe pat-
terns ave more related to the volume propertics of the
firn than to the icc sheet surface.

With that background, a general picture of ice sheet
flow can be established by examination of ig. 1b, A
camp was establi sh ed ncear the center of the scene in
1991 to obtain detailed physical PTOPEIY measu rements
aloug a 40k survey line. Northand cast ol the camp,
the fringes are parallel and treud roughly north-south
(I"ig. 2). West. of the camp, the fringes re-orient and the
fringe rate decreases. Y et, we cannol unambiguously
interpret this pattern as either a change in flow direction
orachangein{low speed since we arelimitedtoa single
projected view of themotion field.

Farther 1o the south and west. of the survey line, the
fringe patterns become more complicated. 1 lere, the
flow direction may be deternmnable because of concen-
trations of concentric pairs of fringes, These pairs arise
frornmotion, mmostly vertical, over shallow, met cr-scale
butps or depressions. The effect is illustrated inl'ig. 3
where a modcled interferogram is compared to a veal in-
terferogram extracted from Fig. 1 b.'The model demorn -
strates that the line conneeting the concentric circles is
in the flow direction. Morcover, the distance b etween
the centers of the concentric circles is approximately
half the width of the bump, and the phase difference
measured bet ween the center of a cirele and t he local
meanphase is related 1o tile height of the bump. From
the model, we estimate that most bumps and hollows in
Iig. 2 arc a few ks across anda few 10°s of i in height,
This new technique allows Tor an independent estivha:
tion of flow direction using a single projected view of
the ice motion ficld, Thie inferred flow divections are
consistent with € he flow vectors d eri ved from conven-



tional surveying (IMig. 2). They also help iuterpret the
fringe pattern west of' the canp as primarily caused by
ald” changein flow direction.

Along the survey line, we converted the surface dis-
placements into ice velocities using the flow direction
indicated by pairs of concentric circles both north and
south of 1he survey line and lincarly interpolated in be-
t ween We assumie a surface flow parallelio tlicice sheet
surface. Siface slope is computed fromn the digital cle-
vation model. The results are within 6 % on average of
the in-situ measurements (Ig. 4). The difference be-
tween Lhe two estimates reaches 15 % in th ¢ southern
scetion of the survey line. Surface slopes would have 10
Le in error by more than 29 to explain those di flerences,
but surlace slopes usnally (lo not exeeed 1°. Ilow diree-
tions would have to hein error by up 10100, but in-situ
estimates are known within 4 22 and flow directions -
ferred from the fringe patterns within 4 42, Changes
snow thickness of about 10 an hetween the two passes
could however account for the difference [Jezek and Rig-
nol, unpublished manuscript, 1994]. Henee, we believe
acombination of errors in flow directions and changes
in snow thickness may explain the discrepancy.

Fringes in the northerly portion of the swath (1ig. 11)
are slowly changing. In conitrast, the southerly portion
becomes inercasingly complicated as the dynamics asso-
ciated withthe vigorous flow of the J acobshavn Glacier
begin to dominate. Within the main body of ice stream
flow (the 1ong darkstreteh visible in the bottom left of
I"ig. l1a), the flow direction is almost perpendicular to
thatat the survey line, with strong velocity gradients,
and flow speed s up to 140 civgay (1. Brech er, p crsonal
communication). The resulting phasc variations arc so
rapid that we arc unable t0 resolve the fringes because
of pixel size limitations. There, a revisit tinwe of one
day is requircdtomapice velocity.

Conclusions

Interference fringes can be constructed across regions
of drama tically di flerent snow propertics. It is also pos
sible to estimate ice flow direction and ice velocity with
a single interferometric obscervati on in areas that corr-
tainkinscale b unmips and hollows, several 1o's of nin
height In other areas, surfacemcasurements of af least
two velocity vectors several tens of kilometers apart, are
essential to bound the interpretation of the SAR miter-
feromctry. Once the validation is in hand, the detail on
ice velocities derivable from spaceborne SAR interfer-
omelry is nnprecedented by any other technique.
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Figurel. (@ IKRS- 1 SA Rmosaic, 3001<111 x 100" kinin
sive, acquired 011 11 -28-91 over the western flank of the
G reen Jand Iee Sheet © 15SA 1991, BRS- 1 flies fron top
to bottom, looking to its vight. The radar-bright per-
colation fa cies sepiwrate the radar-dark  ablation (very
dark) and soak cd-snow (dark) facics 10 the south from
the dry-snow (very dark) facies to the north; (b) Inter-
ferogram obhtained with a pair of 13181 SARirmages
acquiredon 1 1-25-91and 11-28-91 andindicativeof ice
motion. Going from blue through yellow andredto
blue again corresponds Lo a 28 nnn movement toward
theradar.

Figure 2. Details of (he central part of Fig. 1h. A
carnp was established at 69.87 north, 47.110 west(ver-
tical cross mark) in 1991 1o measure topogiaphy, ice
velocity andsnow accurnulation rate. The survey line
and 8 velocily vectors are shown in white. A limited
number of vectors conuceling pairs of concentric fringes
are shown in black. The orientat ion of the vectors is in-
dicative of flow direction. Their length is equal to the
distance between concentric cireles - not to ice velocity.

Figure 3. (a) Interferogram sithulating ice flow over a
bump. Contour lignes (20 ) are shown as white hnes.
Theflow velocity is 30 an/day, 25° counterclock wise
fronitop. The bump is of Gaussian shape and the ice
flow is assumed parallelto the surface. (b) I'ringe pat-
terns within the 4.8 km open white square in Fig. 2.
Differences between (a) and (1) probably are caused by
the non-gaussian shape of the real buimnp.

Figure 4. Comparisonof the SAI{-derived velocitics
(labeled ERS-1) with 43 in-situ measuraments (labeled
N A SA) gathered along the survey hine, starting from
North. The = 2 cn/day error bar for the in-situ nea-
surciments restilts from absolute location errors in the
position of the stakes deployedonthe icesheet 1o mea-
surc horizo ntal displacements over a 300-day period he-
tween 199 fand 1992, T'he error bar for the ERS-1ve
locities results from a o4 42 un certainty in flow direction.
The surface elevation measured in-situ (laheled NASA),
and th e radar altimetry devta (labeled KMS) are sitouris
In continuous and dotted lines,
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